ABSTRACT: Limited data are available regarding the influence of thiamine supplementation on the incidence of polioencephalomalacia (PEM) in lambs fed diets containing increased concentrations of S in the diet (>0.7%). Therefore, our objective was to evaluate the influence of thiamine supplementation on feedlot performance, carcass quality, ruminal hydrogen sulfide gas concentrations, and incidence of PEM in lambs fed a finishing diet containing 60% distillers dried grains with solubles (DDGS; DM basis). Two studies were conducted using completely randomized designs to evaluate the influence of concentration of thiamine supplementation. Study 1 used 240 lambs fed in 16 pens, whereas study 2 used 55 individually fed lambs. Lamb finishing diets contained 60% DDGS, which resulted in a dietary S concentration of 0.73% (DM basis). Treatments diets were based on the amount of supplemental thiamine provided: 1) no supplemental thiamine (CON), 2) 50 mg/animal per day (LO), 3) 100 mg/animal per day (MED), or 4) 150 mg/animal per day (HI). Additionally, in study 2, a fifth treatment was included, which contained 0.87% S (DM basis; increased S provided by addition of dilute sulfuric acid) and provided 150 mg of thiamine/animal per day (HI+S). In study 1, ADG decreased quadratically (P = 0.04), with lambs fed the CON, LO, and MED diets gaining BW at a greater rate than lambs fed the HI diet. In study 1, DMI responded quadratically (P < 0.01), whereas G:F tended to differ linearly (P = 0.08) to concentration of thiamine supplementation, with MED lambs having greater DMI and decreased G:F. No differences (P ≥ 0.17) in lamb performance were observed in study 2. In both studies, most carcass characteristics were unaffected, with the exception of a tendency for decreased carcass conformation (study 1; P = 0.09) and greater flank streaking (study 2; P = 0.03). No differences in ruminal hydrogen sulfide concentration (P > 0.05) among treatments were apparent until d 10, at which point lambs fed the LO diet had less hydrogen sulfide concentrations than all other treatments. Lambs fed HI had the greatest concentrations of hydrogen sulfide on d 31 (1.07 g of hydrogen sulfide /m 3 ; P < 0.009). Ruminal pH did not differ (P = 0.13) and averaged 5.6 ± 0.06. No clinical cases of PEM were observed during the course of either study. The use of thiamine as a dietary additive to aid in the prevention of PEM in finishing lambs does not appear to be necessary under the conditions of this study.
INTRODUCTION
One of the challenges with using ethanol coproducts is the potential for increased concentrations of S in the diet. Increased S diets can cause polioencephalomalacia (PEM) in ruminants (Gould, 1998) . Inclusion of increased proportions of distillers dried grains with solubles (DDGS) and other coproducts in finishing rations for ruminants has been avoided, in part because of potential problems with PEM as well as concerns about optimal animal performance and carcass characteristics. Although the common dogma is that including DDGS at more than 40% of dietary DM in beef cattle finishing diets will decrease performance, research indicates that sheep can be fed greater concentrations of DDGS without affecting animal performance (Schauer et al., 2008) . This provides an opportunity for increased use of DDGS in lamb finishing rations. Concerns remain regarding the effects of increased S concentrations in DDGS-based rations on the incidence of PEM and whether measures are available to reduce or prevent PEM. Thiamine supplementation is one proposed method of reducing or preventing PEM in ruminant animals (Brent and Bartley, 1984; Olkowski et al., 1992; McDowell, 2000) . The involvement of thiamine in S-induced PEM is unclear (Galyean and Rivera, 2003) . The efficacy by which thiamine supplementation may prevent PEM in animals fed increased dietary S is likely affected by the PEM causative mechanisms (e.g., long-term thiamine deficiency or increased hydrogen sulfide gas concentration). Further, the effective concentration of thiamine necessary to alleviate or prevent such cases of PEM requires additional investigation. A great number of recent research efforts have focused on supplementing 150 mg of thiamine/animal per day to ruminants fed increased amounts of DDGS in the diet (Buckner et al., 2007; Hulls et al., 2008; Schauer et al., 2008) . However, no direct comparisons have been made to date that evaluate the effectiveness of using thiamine to control of PEM in diets in which S may be inducing PEM in ruminants. Our hypothesis was that providing increased dietary thiamine would decrease the incidence of PEM in lambs fed increased S diets without affecting animal performance.
MATERIALS AND METHODS
All animal care and handling procedures were approved by the North Dakota State University Animal Care and Use Committee before the initiation of the research.
Study 1
Treatments and Diets. The objective of this study was to determine the influence of thiamine concentration on ADG, DMI, G:F, carcass characteristics, and incidence of PEM in lambs. A total of 240 western white-faced Rambouillet wether and ewe lambs (BW ± SD; 32.5 ± 4.8 kg) were stratified by BW and sex and assigned randomly to 16 outdoor pens (15 lambs/pen). Pens were assigned randomly to 1 of 4 dietary treatments, with pen serving as the experimental unit (n = 4 per treatment). Before initiation of this study, lambs were vaccinated for clostridial disease (Convexin 8, Schering-Plough, Kenilworth, NJ) 2 wk before weaning, at weaning, and again at the initiation of the study. Additionally, lambs were treated for coccidiosis at weaning for 10 d with Corid (9.6% Amprolium, Merial Ltd., Duluth, GA). Lambs were adapted to an 80% concentrate diet before initiation of the study diets; previous diets are outlined in Table 1 . None of these adaptation diets contained any DDGS. Lambs had continuous access to water and shade. Treatment diets were balanced to meet or exceed CP, energy (NE), and Cu requirements (NRC, 2007) . The dietary treatments were formulated to have a minimum Ca-to-P ratio of 2:1, and ammonium chloride (0.5%, DM basis) was added to all diets to aid in the prevention of urinary calculi resulting from the increased concentrations of P. The final finishing diet contained 60% DDGS (DM basis; Table 2 ), which resulted in a dietary S concentration of 0.73%. Concentrations of thiamine provided in our diets were based on previous research supplementing 150 mg of thiamine/animal per day (Buckner et al., 2007; Hulls et al., 2008; Schauer et al., 2008) . The concentrations examined were created to demonstrate a response of supplementing no thiamine vs. graded concentrations up to 150 mg of thiamine/animal per day to lambs fed large quantities of DDGS. Treatments were formed by increasing the amount of supplemental thiamine supplied, and dietary concentrations of thiamine were formulated to provide the following amounts: 1) no supplemental thiamine (CON); 2) 50 mg/animal per day (LO); 3) 100 mg/animal per day (MED); or 4) 150 mg/animal per day (HI) based on an estimated DMI of 1.36 kg. All feeds were ground to a common particle size through a 1.25-cm screen. Rations were ground and mixed in a grinder-mixer (Gehl Mix-All, Model 170, Gehl, West Bend, WI) and were provided ad libitum via bulk feeders. Feeders were checked daily and cleaned of contaminated feed (e.g., fecal contamination, wet feed caused by precipitation). Grab samples of the ration were collected on d 0, 27, 56, 84, and 110 for laboratory analysis. Weight of the feed remaining in the feeder at the end of the study (feed refusal) was recorded for calculation of DMI and G:F. Water was sampled on d 56 and was analyzed by a commercial laboratory (Stearns DHIA, Sauk Centre, MN) for sulfate (141 mg/L).
Data Collection Procedures. Initial and final BW were the average of 2 BW taken on consecutive days. After the 110-d finishing period, lambs were transported (768 km) to Iowa Lamb Corp. (Hawarden, IA) for slaughter and subsequent carcass data collection. Lambs with BW of less than 50 kg at 28 d before slaughter were not shipped, but were included in the feedlot performance data. The treatment distribution of lambs shipped for slaughter was as follows: 49, 48, 44, and 44 lambs on the CON, LO, MED, and HI treatments, respectively.
Carcass data collected included HCW, leg score, conformation score, fat depth (over the 12th rib), body wall thickness, ribeye area, flank streaking, quality grade, and yield grade. Leg score, conformation score, and quality grade were scored on a scale of 1 to 15 (1 = cull; 15 = high prime). Flank streaking was assigned, with scores of 100 to 199 = Practically Devoid, 200 to 299 = Traces, 300 to 399 = Slight, 400 to −499 = Small, and 500 to 599 = Modest. Percentage of boneless, closely trimmed retail cuts was calculated using the following equation: [49.936 − (0.0848 × 2.205 × HCW, kg) − (4.376 × 0.3937 × fat depth, cm) − (3.53 × 0.3937 × body wall thickness, cm) + (2.456 × 0.155 × ribeye area, cm 2 )], from Savell and Smith (2000) . Carcass data were collected by trained personnel after a 24-h chill (temperature <2°C, humidity near 100%).
Laboratory Analyses. Feed and ort samples were dried using a forced-air oven (55°C; The Grieve Corporation, Round Lake, IL) for 48 h. Dried samples were ground using a Wiley mill (Arthur H. Thomas Co., Philadelphia, PA) to pass a 2-mm screen. Feed samples were analyzed for DM; ash; N; and Ca, Cu, and Zn (methods 4.1.06, 4.1.10, 4.2.10, and 968.08, respective- Diets (DM basis) were balanced to meet or exceed requirements set by the NRC (2007). Treatments were based on the amount of supplemental thiamine provided: CON (no supplemental thiamine), LO (50 mg of thiamine/animal per day), MED (100 mg of thiamine/animal per day), HI (150 mg of thiamine/animal per day). The trace mineral package contained 11.7% Ca, 10.0% P, 14% NaCl, 0.1% K, 0.1% Mg, 20 mg/kg of Co, 100 mg/kg of I, 2,450 mg/kg of Mn, 50 mg/kg of Se, 2,700 mg/kg of Zn, 661,500 IU/kg of vitamin A, 66,150 IU/kg of vitamin D 3 , and 1,323 IU/kg of vitamin E.
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ly; AOAC, 1997 Statistical Analyses. Feedlot performance and carcass trait data were analyzed as a completely random design using the GLM procedures (SAS Inst. Inc., Cary, NC), with pen serving as the experimental unit. Carcass data were analyzed similarly, with missing data points from underweight lambs not included in the data set, but with pen still serving as experimental unit. The model included treatment. Linear and quadratic contrasts for increased concentrations of thiamine supplementation were evaluated. Significance was declared at P ≤ 0.05. When a significant F-test was not observed but a contrast P-value was significant, the difference is discussed as a tendency.
Study 2
Treatments and Diets. The objective of this study was to determine the influence of thiamine concentration on ADG, DMI, G:F, carcass characteristics, ruminal hydrogen sulfide gas concentration, and incidence of PEM in lambs. Fifty-five western white-faced Rambouillet wether lambs (38.4 ± 3.9 kg) were used in a completely random design to evaluate the influence of concentration of thiamine supplementation in lamb finishing diets containing 60% DDGS (treatment diets were the same as described previously for study 1). In the ethanol production process, sulfuric acid is added to regulate pH as well as to clean equipment, resulting in increased sulfur concentrations in DDGS . To test the influence of the additional sulfur resulting from the washing process, a fifth treatment was added in which dietary thiamine was supplemented at the HI concentration while dietary sulfur was increased from 0.73 to 0.87% (DM basis) by adding dilute sulfuric acid to DDGS (HI+S). Lambs were given the same vaccination and coccidiosis treatment as outlined in study 1. Lambs were assigned to 1 of 5 treatment diets (Table 3 ) and were individually penned and individually fed for 112 d. Treatment distributions were 12, 10, 10, 12, and 11 lambs for the CON, LO, MED, HI, and HI+S diets, respectively. The final finishing diet was balanced to contain 60% DDGS (DM basis), which resulted in a dietary S concentrations of either 0.73% (CON, LO, MED, and HI) or 0.87% S (HI+S). Rations were mixed weekly and subsampled for laboratory analysis. Feed was offered daily at 0630 h. Contents of feeders (feed refusals) were collected and weighed weekly. Feed and ort samples were analyzed for DM and nutrient content in the same manner as study 1. Water samples were collected weekly, composited by equal volume (20 mL), and analyzed by a commercial laboratory (Stearns DHIA, Sauk Centre, MN) for sulfates (74.4 mg/L). Initial and final BW were the average of BW collected on 2 consecutive days. After the 112-d finishing period, lambs were slaughtered and carcass data were collected at the North Dakota State University Meats Laboratory. Carcass data was collected in the same manner as in study 1.
Ruminal Gas Cap Sampling. To further evaluate the effects of supplemental thiamine concentration on ruminal gas cap hydrogen sulfide concentration, 20 lambs were selected randomly (4 per treatment) for use in collecting ruminal gas cap samples. Sampling for ruminal hydrogen sulfide was conducted on 12 occasions beginning 6 d before initiation of the treatment diets. Gas cap samples from these lambs were collected on d −6, −4, 0, 3, 7, 10, 14, 17, 21, 24, 28, and 31 of the feeding period. Gas samples were collected 4 h after feed was offered. On d 0, lambs began the dietary adaptation period, which increased the proportion of concentrate to 85% over 28 d (Table 4 ). Figure 1 depicts the relationship between dietary adaptation and the ruminal hydrogen sulfide sampling regimen. Ruminal fluid was also collected via rumenocentesis at the same time ruminal gas cap samples were collected for determination of ruminal pH.
Procedures for ruminal gas cap sampling were adapted from those of Gould et al. (1997) . To obtain ruminal gas cap samples, wool was sheared from a 15 cm 2 area of the left side of the animals immediately posterior to the 13th rib. Shearing was done with surgical clippers, with care taken to remove all wool. After shearing, this area was scrubbed and disinfected with alternating isopropyl alcohol and Betadine scrubs (Purdue Products L.P., Stamford, CT). To obtain multiple samples while maintaining the integrity of the rumen gas, 2 separate portions of the sampling apparatus were developed (Figure 2 ). The first portion included a 7.6-cm 12-gauge needle, which was connected to a 20-cm (4.75-mm diam.) tubing (Tygon, S-50-HL class VI, Saint-Gobain Performance Plastics, Wayne, NJ) via a Luer-lock connection (Becton, Dickinson and Co., Franklin Lakes, NJ). The second portion of the sampling apparatus included a 140-mL catheter-tip syringe (Monoject, Sherwood Medical, Ballymoney, Northern Ireland), which was connected to an 8-cm (4.75-mm-diam.) portion of tubing via a Luer-lock connection. The 2 portions were then connected or disconnected through Luer-lock connections, with ratchet tubing clamps used on both sides of the Luer-lock connectors. After the needle was introduced through the skin and into the rumen gas cap, a 120-mL sample (approximately) of ruminal gas was collected into the syringe. The first of 2 syringes was then disconnected and a second was filled in the same manner. Hydrogen sulfide gas detector tubes (Gastec, Kanawaga, Japan) were connected to a volumetric gas sampling pump and a volume (100 mL) was collected through the detector tube to acquire a measurement of ruminal gas cap hydrogen sulfide. At each sampling point, duplicate measurements were taken from each lamb, and the mean of the 2 samples was used for calculations. If the detector tube failed to reach 100 mg/L of hydrogen sulfide (the least detectable concentration recommended by the manufacturer), the reading was treated as a zero. After gas and fluid sampling, the needle was removed and the sampling site was sprayed with a 10% iodine solution. Ruminal hydrogen sulfide concentrations were converted from parts per million hydrogen sulfide to grams per cubic meter through the following equation: {[hydrogen sulfide (ppm) × 139.06]/1,000,000} assuming standard temperature and pressure values.
Pathological Examination of Brain Tissue. Brain tissue was collected for histological observation of microscopic lesions associated with PEM at slaughter. Lambs were stunned using a captive bolt in a manner that caused cervical dislocation. This was done to de- Diets (DM basis) were balanced to meet or exceed requirements set by the NRC (2007). Treatments were based on the amount of supplemental thiamine provided: CON (no supplemental thiamine), LO (50 mg of thiamine/animal per day), MED (100 mg of thiamine/animal per day), HI (150 mg of thiamine/animal per day), and HI+S (150 mg of thiamine/animal per day with 0.87% S). The trace mineral package contained 11.7% Ca, 10.0% P, 14% NaCl, 0.1% K, 0.1% Mg, 20 mg/kg of Co, 100 mg/kg of I, 2,450 mg/kg of Mn, 50 mg/kg of Se, 2,700 mg/kg of Zn, 661,500 IU/kg of vitamin A, 66,150 IU/kg of vitamin D 3 , and 1,323 IU/kg of vitamin E.
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Formulated based on an estimated feed intake of 1.36 kg/animal per day, the amount of supplemental thiamine provided, and correction for thiamine contained in remaining feed ingredients. crease any tissue damage to the cortex and cerebellum regions of the brain. Lamb heads were then removed and split laterally with a band saw (Hobart Industries, Troy, OH) to remove all intact brain tissue. Tissue was placed in 10% neutral buffered formalin for a minimum of 3 d for fixation. After fixation, each brain was sampled for histopathological analysis in a manner similar to that by Carson (1990) . For each animal, sections of cerebral cortex, cerebellum, hippocampus, and brain stem were processed with 10% neutral buffered formalin, 70% alcohol, xylene, and paraffin using automated procedures (Sakura VIP Tissue Processor, Sakura Finetek USA Inc., Torrance, CA). Paraffinized tissues were then sectioned to 5 μm and stained (Sakura, Tissue-Tek, H + E Stainer) using xylene, alcohol, distilled water, hematoxylin, bluing agent, and eosin. Tissues were examined for features associated with PEM by a board-certified veterinary pathologist who was blinded to treatment assignments.
Statistical Analyses. Lamb performance and carcass trait data were analyzed as a completely randomized design using the GLM procedures of SAS, with lamb serving as the experimental unit. The model included treatment. Linear and quadratic contrasts were used to evaluate the effect of increasing concentrations of thiamine supplementation. In addition, a contrast was used for a direct comparison of the HI vs. HI+S treatments to evaluate the effect of increased S concentration with Step 1, d 0
Step 2, d 7
Step 3, d 14
Step 4, d 21
Step 1 Distillers dried grains with solubles. 2 Supplement contained (% of total diet) 0.5% ammonium chloride, 2.25% limestone, 0.085% Lasalocid (Bovatec 68, Alpharma Inc., Fort Lee, NJ), 0.78% trace minerals, and 0.002% copper sulfate, and was formulated to provide 1 of 4 concentrations of thiamine (0, 50, 100, or 150 mg of thiamine/animal per day). ) tubing (Tygon, S-50-HL class VI), 9) hydrogen sulfide gas detector tube (Gastec, Kanawaga, Japan), and 10) gas sampling pump (Gastec Model GV-100, Gastec, Kanawaga, Japan). Color version available in the online PDF. the increased concentration of thiamine. Significance was declared at P ≤ 0.05. When a significant F-test was not observed but a contrast P-value was significant, the difference is discussed as a tendency. Hydrogen sulfide gas and pH data were analyzed using the repeated measures analysis in the MIXED procedures of SAS, with P ≤ 0.05 considered significant. Treatment, day, and the treatment × day interaction were all evaluated. The covariate structure used was autoregressive [AR (1)]. Other structures were tested; however, autoregressive was the best fit based on fit statistics.
RESULTS

Study 1
Results for feedlot lamb performance and carcass quality are reported in Table 5 . There was a tendency for quadratic (P = 0.08) increases in final BW; specifically, lambs fed the CON, LO, and MED treatment diets had heavier final BW than lambs fed the HI concentration of thiamine. Average daily gain exhibited a similar quadratic response (P = 0.04), with lambs in the CON, LO, and MED treatment groups gaining BW at a greater rate than those in the HI group. Dry matter intake decreased quadratically (P = 0.004) with increasing concentration of thiamine supplementation. Feed efficiency (G:F) tended to differ linearly (P = 0.08), with lambs fed the MED diet having greater DMI, which, in turn, resulted in decreased G:F.
Mortality was not affected (P = 0.43) by concentration of supplemental thiamine and averaged 0.42% across all treatments. Hot carcass weight tended to decrease quadratically (P = 0.05), whereas leg score tended to decreased quadratically (P = 0.06) with increased thiamine supplementation. Fat depth, body wall thickness, ribeye area, flank streaking, quality grade, and yield grade were all unaffected (P > 0.16) by concentration of supplemental thiamine.
Study 2
Performance Measures. No differences (P ≥ 0.46) in initial BW, final BW, ADG, DMI, leg score, carcass conformation, fat depth, body wall thickness, ribeye area, yield grade, or percentage of boneless, closely trimmed retail cuts (Table 6 ) were due to thiamine concentration. There was an overall treatment effect (P = 0.03) for flank streaking. This was largely due to the difference in flank streaking between the HI and the HI+S groups (325.0 vs. 481.8, respectively for HI and HI+S; P = 0.002). The increase in flank streaking resulted in a difference (P = 0.02) in quality grade between the HI and HI+S treatment groups. No incidences of morbidity or mortality occurred.
Pathology of Brain Tissue Samples. Gross examination of whole brains did not show changes associated with PEM, such as yellowing and softening of the cerebral cortex or flattening of the gyri (Merck, 1998) . Further, microscopic features consistent with Treatments were based on the amount of supplemental thiamine provided: CON (no supplemental thiamine), LO (50 mg of thiamine/animal per day), MED (100 mg of thiamine/animal per day), and HI (150 mg of thiamine/animal per day). PEM were not observed. Extravasated red blood cells were frequently present within the meningeal spaces as well as around blood vessels in the thalamus and cerebellum; however, this appeared to be a result of the method of euthanasia rather than being representative of a pathological condition based on postmortem examination by a veterinary pathologist.
Ruminal H 2 S Concentration and Ruminal pH. There was a treatment × day interaction (P < 0.001) for ruminal hydrogen sulfide concentrations. No differences in hydrogen sulfide concentration (P > 0.05; Figure 3 ) among treatments were apparent until d 10, at which point lambs fed the LO diet had less ruminal hydrogen sulfide concentrations than lambs in all other treatments. Lambs fed the HI diet had the greatest concentrations of hydrogen sulfide on d 31 (1.07 g of hydrogen sulfide/m 3 ; P < 0.009). At this time point, lambs fed the HI+S diet had smaller (P < 0.01) concentrations of hydrogen sulfide than lambs fed the HI diet. Ruminal pH did not differ (P = 0.13) and averaged 5.6 ± 0.06 across all treatments.
DISCUSSION
The decrease in final BW with increasing concentration of thiamine in study 1 was an unexpected result. Given that excess thiamine is cleared by the kidneys (McDowell, 2000) and that intake of more than 1,000 times the requirement is thought to be safe (NRC, 1987) , it is difficult to attribute the decreased performance to thiamine toxicity at the concentrations fed in the present study. The decreased ADG could be attributed to the decreased feed intake observed in lambs fed the HI diet; however G:F was the same for lambs fed the CON and HI diets.
Palatability differences attributable to the sulfurous odor and bitter taste associated with thiamine could be one possible explanation for the differences in intake (McDowell, 2000) . However, a decrease in palatability should have resulted in reduced intake with increasing supplementation instead of the increase observed with lambs fed the MED diet in study 1. It is just as likely that the differences observed in DMI were a reflection of competition, increased appetite, or other behavioral issues within the pens assigned to that particular treatment. Further differences in G:F were more a result of the differences in DMI described previously than any other factor examined.
The reason for increased flank streaking in the HI+S treatment in study 2 is unknown. Because flank streaking did not increase with thiamine supplementation, it is highly unlikely this response was due to thiamine supplementation. Previous work (Smith et al., 1964) reported that lambs receiving 0.43% S had carcasses that graded higher compared with lambs fed either 0.13 or 1.3% S. Schauer et al. (2008) also reported lambs ) caused by increasing dietary thiamine and S concentrations in lambs over adaptation from a medium-concentrate corn-and alfalfa hay-based diet to a 60% dried distillers grains with solubles finishing ration. Treatments were 1) no supplemental thiamine (CON), 2) 50 mg of thiamine/animal per day (LO), 3) 100 mg of thiamine/animal per day (MED), 4) 150 mg of thiamine/animal per day (HI), and 5) 150 mg of thiamine/animal per day with increased S (HI+S) thiamine content and were based on an estimated DMI of 1.36 kg. P-values: treatment, P = 0.03; day, P < 0.001; treatment × day, P < 0.001. Concentrations of hydrogen sulfide gas measured via rumenocentesis on hydrogen sulfide detector tubes (Gastec, Kanawaga, Japan).
having greater flank streaking when fed increased concentrations of DDGS; they attributed the increases in carcass quality to increases in energy density of the diet.
No differences in mortality observed in either study were due to concentration of thiamine supplementation. There was one case of mortality in study 1; the cause of death was chronic respiratory illness. No occurrences of PEM were observed during either of these studies, even with dietary S concentrations (0.73% S DM basis) more than twice the recommended maximum tolerable concentration (0.3% S for high-concentrate diets; NRC, 2005) . Contrary to the present studies, Krasicka et al. (1999) reported that all lambs fed a low-fiber, highstarch diet containing 0.72% S died from PEM after 12 wk. Olkowski et al. (1992) reported that outward clinical signs of PEM in lambs fed high-sulfur diets (0.63%) were prevented by supplementing diets with thiamine. However, microscopic lesions were not totally prevented (Olkowski et al., 1992) . The present studies are contradictory to previous research in that no outward signs or microscopic lesions associated with PEM were observed, even without supplemental thiamine. Loneragan et al. (2005) hypothesized that the therapeutic effects of thiamine in PEM-affected animals may be attributed to either an increased requirement for thiamine or a beneficial effect of thiamine on impaired brains. The present research discounts the proposed increased requirement, at least in feedlot lambs fed DDGS as the major S source; however, we cannot support or dismiss the second theory, related to the beneficial effect of thiamine on impaired brains, because no cases of PEM occurred in our study. Our data suggest that PEM could not be induced in lambs fed diets containing >0.7% S, which indicates that the threshold S concentration that causes PEM may be greater in lambs than previously thought, or that the disposition of S, including its chemical form in feed and water sources (e.g., sulfate, S-containing AA), the fate of S in the digestive tract (especially as it relates to fermentation and digestion), and route of excretion for excess S (e.g., hydrogen sulfide excretion during eructation, S excretion in urine or feces) should be investigated more fully.
Further links between sulfur-induced PEM and ruminal pH change have been explored by Gould (1998) , who concluded that in diets with S concentrations exceeding 0.3%, the combination of dietary S concentration, ruminal sulfide production, and increased thiaminase production may increase incidence of PEM. Alves de Oliveria et al. (1996) reported that decreased ruminal pH did not decrease microbial production of thiamine; however, the decrease in rumen pH does favor thiaminase-producing bacteria (Morgan and Lawson, 1974; Boyd and Walton, 1977; Thomas et al., 1987) . Lambs in study 2 were fed a similar finishing ration as lambs in study 1 but were adapted from a medium-concentrate diet to a high-concentrate diet concurrently with increases in DDGS concentration (and thus S content). However, no treatment differences in ruminal pH were detected and no cases of PEM were diagnosed. In study 1, lambs were adapted to a high-concentrate diet before the introduction of 60% DDGS. This, along with the fact that no measurements of ruminal sulfide or thiaminase were conducted, does not allow for a comparison of the present studies with the previous data (Boyd and Walton, 1977; Thomas et al., 1987; Alves de Oliveria et al., 1996) .
Other researchers have examined ruminal hydrogen sulfide concentration in cattle. Loneragan et al. (2005) reported that feedlot steers receiving water containing 2,360 mg of sulfate/L had peak ruminal hydrogen sulfide gas concentrations between 5,500 and 6,000 ppm. Likewise, Niles et al. (2002) reported that steers consuming a corn gluten feed-based ration with 0.701% S had ruminal gas cap hydrogen sulfide concentrations of 18,642 ppm on d 28 of their study. Although the hydrogen sulfide concentrations in our lambs did not reach the concentrations in steers reported by Niles et al. (2002) , our peak concentrations were above those reported by Loneragan et al. (2005) ; both of these studies had steers with positive cases of PEM. Our research suggests that thiamine may influence ruminal hydrogen sulfide concentrations, but we did not investigate the fate of the hydrogen sulfide (e.g., eructation, absorption). Further, our data suggest that changes in ruminal hydrogen sulfide concentration cannot be attributed solely to ruminal pH and are likely affected by multiple factors that interact within the ruminal environment and in the animal. It is of interest that lambs fed the HI diet had greater concentrations of hydrogen sulfide than lambs fed the HI+S diet on d 31. Given the increased amount of S present in the HI+S diet, this was an unexpected result and further demonstrates the need for more detailed research examining the form of S in feedstuffs (e.g., DDGS) and water, and S metabolism in the ruminant.
A review of literature (Niles et al., 2002; Buckner et al., 2007; Hulls et al., 2008) reporting the amount of S fed to ruminants in corn coproduct-based rations simply confirms the inconsistencies in the amount of S required to cause neurological problems such as PEM. Similar to the present studies, Schauer et al. (2008) fed lambs a finishing diet that contained 0, 20, 40, or 60% DDGS. No differences in animal performance were reported; further, no incidences of PEM were noted when lambs were fed the 60% DDGS diet that contained 0.55% S (DM basis). Contrary to the present studies, Niles et al. (2002) reported that 10 of 14 calves fed a corn gluten feed-based diet exhibited PEM; the calves affected were fed diets that contained either 0.554 or 0.701% S (DM basis). These authors reported water sulfate values; the water consumed by the lambs in the report by Schauer et al. (2008) contained 141 mg of sulfate/L, whereas the water consumed by the steers in the report by Niles et al. (2002) contained 56 mg of sulfate/L. Unfortunately, Niles et al. (2002) did not report how much, if any, supplemental thiamine was provided to the steers in their study; however, Schauer et al. (2008) reported that lambs in their study received 142 mg of supplemental thiamine/animal per day. Hulls et al. (2008) reported that steers fed 50% modified distillers grains plus solubles (DM basis) and supplemented with 150 mg of thiamine/animal per day performed similarly to steers fed a high-moisture corn and dryrolled corn-based diet. Contrary to these results, Buckner et al. (2007) discontinued feeding a treatment diet that contained 50% DDGS (DM basis) when multiple steers exhibited PEM while receiving 150 mg of thiamine/animal per day.
Sulfur from water sources has also been implicated as a cause of PEM in ruminants. Ward and Patterson (2004) evaluated thiamine supplementation as a method of preventing PEM in steers consuming increased sulfate (4,000 mg/L) water. Two steers on increased sulfate water and 1 steer from increased sulfate water supplemented with 1,000 mg of thiamine/animal per day died; however, only one of the cases from the unsupplemented group was confirmed to have died from PEM. Although no incidences of PEM occurred, Loneragan et al. (2001) reported that consuming water with increasing sulfate concentrations negatively affected steer performance and carcass characteristics. However, this decrease in performance was not observed in lambs fed DDGS diets containing an increasing amount of S (Schauer et al., 2008) . It is possible that cattle and sheep have different tolerances to excess S or different tolerances to ruminal hydrogen sulfide. Consequently, additional research is needed to confirm whether sheep are a good model for cattle for this type of research.
The fact that the lambs fed 60% DDGS in the present studies did not develop PEM is consistent with previous results (Schauer et al., 2008) . Because lambs fed the CON diet did not develop PEM, the conclusion that thiamine is an adequate method of preventing PEM in not supported by the present data. However, these data appear to indicate that the NRC (2005) maximum tolerable quantity of S may require more consideration in lamb finishing diets containing increased concentrations of DDGS. At a minimum, the present studies illustrate the need for additional research to further determine the interactive effects of S, thiamine supplementation, and dietary grain concentration in finishing rations, and the effect they collectively have on the incidence of PEM. In addition, research is needed to evaluate these practices in cattle and to determine the effect of the form of S in the feed and water as well as its fate in the animal (absorption, retention, and excretion).
The current research confirms previous work demonstrating that DDGS can be included in lamb finishing rations at concentrations up to 60% of dietary DM. Feeding DDGS at 60% of dietary DM does not appear to increase the incidence of PEM in lambs when water with minimal sulfate content (<141 mg/L) is available. The use of thiamine as a dietary additive to aid in the prevention of PEM in finishing lambs appears questionable under the conditions of this study. However, the lack of any cases of PEM in animals fed the CON diet does not allow for an accurate assessment of thiamine supplementation as a method of preventing PEM.
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